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The reaction pp + a f d  resulting f r o m  the high energy cos- 
mic  rays incident on the in t e r s t e l l a r  hydrogen gas gives r i s e  to 
secondary deuterons.  Since the total c r o s s  section for  this re -  
action i s  appreciable only a t  proton kinetic energies  of 600 MeV, 
the deuterons have a v e r y  sma l l  spread  in  energy. I t  i s  estimated 
that the flux of deuterons f r o m  this mechanism should be eas i lydis -  
cernible f r o m  deuterons produced by other  reactions and copious 
enough to be detected a t  the ear th .  The nar row deuteron energy 
distribution could provide an energy calibration f o r  the study of 
the existence of a pos tinjection acceleration. 
As the high energy cosmic  ray  protons interact  with the in te rs te l la r  hy- 
drogen gas,  a variety of proton-proton interactions occur .  In this le t te r  we 
would like to examine one interaction, pp -+  IT^, par t icular ly with regard  to 
the deuteron energy spec t rum.  This excitation function f o r  this reaction has a 
threshold a t  an incident proton kinetic energy of T = 290 MeV, r i s e s  swiftly 
P 
to a maximum value of 3 m b  at 660 MeV, and fa l l s  equally swiftly to a value of 
1 l e s s  than 250 pb at 1.3 GeV. The c r o s s  section remains very  sma l l  at  pro- 
ton energies  beyond 3 GeV (Fig.  1). To appreciate the magnitude of the 3-mb 
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bump, one can notice that the total proton-proton inelastic c ross  section i s  
3 
constant with energy and equal to about 30 mb.  Thus i n  the nar row region of 
proton energies the deuteron production r i se s  to quite an appreciable value 
and then quickly becomes negligibly small .  Since the deuterons a r e  produced 
o v e r  such a sma l l  range i n  proton energies ,  the deuteron energy spread i s  cor- 
respondingly small ,  and, a s  a d i rec t  resul t  of the extensive acce lera tor  study 
of this  reaction, the deuteron energy spec t rum i s  easily calculable. To re-  
ph rase  this,  what we a r e  suggesting i s  that in a l l  regions of the galaxy con- 
taining hydrogen and energet ic  cosmic  r ay  protons an es  sentially monoener- 
getic deuteron " signal" i s  being emitted. A m o r e  quantitative examination of 
this signal, some es t imates  of the signal-to-noise ratio,  and possible uses  of 
the signal a r e  discussed in  the following portions of this le t ter .  
The energy spec t rum of the deuterons f r o m  the pp --+ md reaction i s  cal- 
culated f rom 
3 
where Q(Td) i s  the number of deuterons produced p e r  c m  sec  GeV of deuter- 
do 
on laboratory- sys tem energy, - (T , T ) i s  the differential c r o s s  section 
dTd d P 
fo r  deuterons of energy T produced by incident protons of energy T d p, nH i s  
the density of the in t e r s t e l l a r  hydrogen gas in the galaxy, including the halo, 
L J ( T p )  i s  the incident cosmic ray  proton flux in par t ic les  p e r  c m  s e c  s r  GeV. 
The differential  c r o s s  sect ion da  t a f o r  pp -+ TT d  has  been measured  by 
a number of different experimenters .  Because of the symmet ry  in  the proton- 
proton interaction the expansion of this c r o s s  section into a power s e r i e s  in  
cos8, the center-of-mass scat ter ing angle, contains only even powers of cos6. 
2 At these energies  only a few par t ia l  waves a r e  present  and* = A t C  cos 8 
cg2 
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i s  an adequate parameter izat ion of the data. The coefficients f r o m  various 
experiments a r e  given i n  Table I. In o r d e r  to per form the integral  over T 
P 
expressed  i n  Eq. (f), we mus t  convert  this angular distribution to a distribu- 
tion i n  T The necessa ry  kinematic transformation i s  given by d' 
where m i s  the deuteron m a s s ,  d wd i s  the energy of the deuteron i n  the 
center-of-mass system, p i s  the c .  m. momentum, and y and .;\ a r e  the 
usual  c. m .  t ransformation pa ramete r s .  All these quantities except m a r e  d 
functions of T . 
P 
The resul ts  of performing the integration over  the incident proton energy 
3 
spectrum i s  shown i n  Fig.  2 .  We as sume  n to be 0.03 proton p e r  c m  and H 
take J ( T  ) = 1.05 ( T  f M ) -2.5 2 particle/crn sec  s r  GeV. 4 y  The deuteron 
P P P 
laboratory-system energy spec t rum r i s e s  sharply f r o m  130 MeV to a peak a t  
200 MeV. There i s  a pronounced shoulder a t  450 MeV, and by 600 MeV the 
production has  essentially vanished. The deuteron production can  be charac- 
terized, then, by a peaked distribution with a high-energy tail and a fullwidth 
a t  half maximum of about 150 MeV. The total ra te  of deuteron production in 
-28 3 this distribution, I = ~ Q ( T ~ ) ~ T ~ ,  i s  I = 1.7 X 10 / c m  sec.  This forms a 
source for  injection into the galaxy, with a spatial  distribution which i s  deter- 
mined by the amount of overlap between the cosmic-ray proton beam and the 
in te rs te l la r  gas.  If the protons a r e  assumed to permeate the galaxy uniformly 
the dependence on Q(T r )  i s  given by the r dependence on n d'-  - H ' 
The question of deuterons produced by other  imechanisms i n  sufficient 
numbers a t  this energy to provide enough background to mask  the effect i s  not 
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completely answered,  due to the s p a r s e  data on the two types of production 
react ions which would s e e m  to be important.  However, the est imates  that 
can  be made a r e  quite encouraging. Proton- on-helium o r  alpha particle-on- 
hydrogen react ions would logically be the leading candidate for  producing 
deuterons,  s ince the abundance of He i s  fa i r ly  large,  0.1 n The only ex- H ' 
periment  which s e e m s  to have appropriate  data i s  that of Riddiford and 
Williams6 f o r  970-MeV protons. Of their  564 inelastic events we est imate 
an  upper l imit  of 200 events which contained deuterons, leading to our  esti-  
ma te  of 33 m b  of deuteron production via this mechanism. This of course 
neglects the energy spread,  and s o  should be an upper l imit  in  the region of 
in te res t .  When we take the helium abundance into account, we a r r i v e  a t  an 
es t imate  of 3.3 m b  of deuteron production spread  over  a wide range of ener-  
gies.  
The proton interaction with the 0.0 1 n abundance of heavy nuclei has  H 
an appreciable probability of producing deuterons.  F o r  190-MeV protons 
7 bombarding Ni, Ag, and Au, Hyde gives approximately 10 m b - s r  i n  the for- 
ward  hemisphere  and approximately 5 m b / s r  in  the backward hemisphere,  
yielding roughly 96 m b  total  c r o s s  section, o r  about a 30% background. This 
background i s  again spread over a wide energy range. Thus, taking both 
production on He and production on heavy nuclei into account, we might ex- 
pect a t  wors t  a one- to-one o r  one- to- two signal-to-noise ratio in the energy 
region of in te res t .  Of course ,  the question of backgrounds can be answered 
experimentally by observing the deuteron abundance a t  slightly below 
Td = 1 2 5  MeV and at  slightly above 600 MeV. 
The equilibrium distribution of cosmic  rays has  received considerable 
attention recently,  pr imar i ly  because of in t e res t  in  the high energy electron 
spectrum and i n  the secondary antiproton spec t rum.  Jokiipi and Meye r have 
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pointed out that one m u s t  solve the diffusion equations careful ly  and that the 
resul t ing equi l ibr ium concentrat ions  a r e  dependent upon the boundary condi- 
8 
t ions placed upon the solution. I t  i s  not o u r  purpose i n  this l e t t e r  to make  a 
ca re fu l  calculat ion of the equi l ibr ium dis t r ibut ion of the deuterons,  but we 
d i scuss  a few of the considerat ions  involved. 
The only l o s s  mechanism applicable is the l o s s  f r o m  the galact ic  con- 
9 finement.  The e lec t romagnet ic  10s s mechan i sms  a r e  negligible due to the 
l a r g e  m a s s  of the deuteron; nuc lear  col l is ions  i n  the usually a s sumed  
2 path length of 3 g /cm of i n t e r s t e l l a r  m a t e r i a l  a r e  unimportant because of the 
2 10 long deuteron  in te rac t ion  length of 60 g/cm . The possibil i ty of acce l e r -  
at ion of the deuterons a f t e r  injection i s  par t icu la r ly  intriguing, s ince  the 
s o u r c e  spec t rum does not follow a power law. If a power-law distribution 
w e r e  obse rved  i n  the energy  of the deuteron  i t  would consti tute good evidence 
fo r  a postinjection accelerat ion.  If, however ,  we a s s u m e  no subsequent ac- 
ce le ra t ion  i t  i s  e a s y  to get  an approximat ion f o r  the number  of deuterons in 
the equi l ib r ium distribution.  
F o r  the c a s e  of no postinjection acce le ra t ion  and galactic e scape  a s  the 
only l o s s  t e r m ,  the solution f o r  the diffusion equation becomes 
where p(T ) i s  the equi l ibr ium density and T i s  the leakage l i fe t ime.  As- d L 
15 
suming T = 1.5X 10 s e c  (this i s  consis tent  with o u r  choice of n = 0.03 L H 
2 -13 3 
and 3 g/crn of i n t e r s t e l l a r  path length), we ge t  p = 2.5X 10 / c m  fo r  deu- 
terons with kinetic energ ies  between 130 and 600 MeV. This would c o r r e -  
C 2 
spend to an  observed  inlcnsity of j = - p = 6 . 1 / ~  s e c  s r .  d 4Tr 
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An intensity of this magnitude should not be difficult to observe  exper- 
imental ly .  Some prel iminary observations of the deuteron flux have already 
been made ,  yielding resul ts  of in tegra l  fluxes which a r e  consistent with our  
suggestion. Unfortunately, there  i s  no sufficiently detailed energy spec- 
t r u m  available. The peak energy of 200 MeV i s  low enough so that so lar  mod- 
ulation effects will be important,  and may  a l t e r  the observations; alternatively, 
the deuteron flux might provide a method of studying the modulation. 
I a m  especially grateful to Afzaal Hussain for  h is  ass i s tance  with the 
numer ica l  calculations. I have enjoyed a number of informative and stimula- 
ting conversations with Frank S. Crawford. The continued guidance, support, 
and encouragement of Luis W. Alvarez i s  appreciated, a s  a r e  a number of 
h i s  suggestions concerning the deuteron-lo ss mechanisms.  
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FIGURE CAPTIONS 
3- Fig. 1. The total c r o s s  section f o r  the react ion pp -+ IT d a s  a function of in- 
cident proton kinetic energy. The dashed curve i s  f r o m  S. Mandels tam 
(Ref. 2). 
Fig. 2. The production energy spec t rum of deuterons f r o m  the reaction 
3 -2.5 pp - rrtd. We have a s sumed  - 0.03 particle/crn and J = 1.05EtOt H- P 
part ic les/cm2 s r  s ec  GeV. The total f lux of deuterons i n  the peak i s  
3 I = $ Q ( T ~ )  d ~ ~ =  1.7 x part ic le/cm sec.  
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Table I. Total c r o s s  sect ion and c. m. angular distribution 
f o r  pp -. .irf d. 
Reference 
C rawford & Stevenson 
P R  - 91, 468, 1953. 
C rawfo r d  8 -  Stevenson 
P R  2, 468, 1953. 
Fields e t  al. P R  95, 638. 
-
Mescherjakov e t  al .  N. C. 
Supp. 3 ,  199, 1956. 
Baldoni e t  al .  N. C.  2 6, 
-
1376, 1962. 
Mescherjakov e t  a l .  N. C. 
Supp. 3, 119, 1956. 
Bugg e t  al. P R  133B 
B1017, 1964. 
Overseth et  al. P R L  - 13, 
59, 1964. 
Overseth e t  al .  P R L  - 13, 
59, 1964. 
Overseth e t  al. P R L  13, 
-59, 1964. 
Overseth e t  al .  P R L  - 13, 
59, 1964. 
Overseth e t  al. P R L  - 13, 
59, 1964. 
Overseth et  al. P R L  13, 
59, 1964. 
Angular distribution over  the above energy range taken to be 
du 
-
2 do 
cg2 = AtC cos 8; grot= I(=) 132 = 4a (A + 1/3C). 
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Fig. 1 
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T h i s  r e p o r t  was  p r e p a r e d  a s  a n  a c c o u n t  o f  Government  
s p o n s o r e d  w o r k .  N e i t h e r  t h e  U n i t e d  S t a t e s ,  n o r  t h e  Com- 
m i s s i o n ,  n o r  a n y  p e r s o n  a c t i n g  on b e h a l f  o f  t h e  Commiss ion :  
A .  Makes a n y  w a r r a n t y  o r  r e p r e s e n t a t i o n ,  e x p r e s s e d  o r  
i m p l i e d ,  w i t h  r e s p e c t ,  t o  t h e  a c c u r a c y ,  c o m p l e t e n e s s ,  
o r  u s e f u l n e s s  o f  t h e  i n f o r m a t i o n  c o n t a i n e d  i n  t h i s  
r e p o r t ,  o r  t h a t  t h e  u s e  o f  a n y  i n f o r m a t i o n ,  a p p a -  
r a t u s ,  m e t h o d ,  o r  p r o c e s s  d i s c l o s e d  i n  t h i s  r e p o r t  
may n o t  i n f r i n g e  p r i v a t e l y  owned r i g h t s ;  o r  
B. Assumes a n y  l i a b i l i t i e s  w i t h  r e s p e c t  t o  t h e  u s e  o f ,  
o r  f o r  damages  r e s u l t i n g  f r o m  t h e  u s e  o f  any  i n f o r -  
m a t i o n ,  a p p a r a t u s ,  m e t h o d ,  o r  p r o c e s s  d i s c l o s e d  i n  
t h i s  r e p o r t .  
As u s e d  i n  t h e  a b o v e ,  " p e r s o n  a c t i n g  o n  b e h a l f  o f  t h e  
C o m m i ~ s i o n ' ~  i n c l u d e s  a n y  e m p l o y e e  o r  c o n t r a c t o r  o f  t h e  Com- 
m i s s i o n ,  o r  e m p l o y e e  o f  s u c h  c o n t r a c t o r ,  t o  t h e  e x t e n t  t h a t  
s u c h  e m p l o y e e  o r  c o n t r a c t o r  o f  t h e  C o m m i s s i o n ,  o r  e m p l o y e e  
o f  s u c h  c o n t r a c t o r  p r e p a r e s ,  d i s s e m i n a t e s ,  o r  p r o v i d e s  a c c e s s  
t o ,  any  i n f o r m a t i o n  p u r s u a n t  t o  h i s  employment  o r  c o n t r a c t  
w i t h  t h e  C o m m i s s i o n ,  o r  h i s  e m p l o y m e n t  w i t h  s u c h  c o n t r a c t o r .  
